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The transport of calcium ions (Ca2+) to the cytosol is
essential for immunoreceptor signaling, regulating
lymphocyte differentiation, activation, and effector
function. Increases in cytosolic-free Ca2+ concentra-
tions are thought to be mediated through two inter-
connected and complementary mechanisms: the
release of endoplasmic reticulum Ca2+ ‘‘stores’’ and
‘‘store-operated’’ Ca2+ entry via plasma membrane
channels. However, the identity of molecular compo-
nents conducting Ca2+ currents within developing
and mature T cells is unclear. Here, we have demon-
strated that the L-type ‘‘voltage-dependent’’ Ca2+
channel CaV1.4 plays a cell-intrinsic role in the func-
tion, development, and survival of naive T cells.
Plasma membrane CaV1.4 was found to be essential
for modulation of intracellular Ca2+ stores and T cell
receptor (TCR)-induced rises in cytosolic-free Ca2+,
impacting activation of Ras-extracellular signal-
regulated kinase (ERK) and nuclear factor of acti-
vated T cells (NFAT) pathways. Collectively, these
studies revealed that CaV1.4 functions in controlling
naive T cell homeostasis and antigen-driven T cell
immune responses.
INTRODUCTION
Calcium (Ca2+) ions act as universal secondmessengers in virtu-
ally all cell types, including cells of the immune system. In
lymphocytes, Ca2+ signals modulate the activation of calci-Imneurin-nuclear factor of activated T cells (NFAT) and Ras-
Mitogen-activated protein kinases (MAPK) pathways, serving
to regulate cell activation, proliferation, differentiation, and
apoptosis (Oh-hora, 2009; Vig and Kinet, 2009). T cell receptor
(TCR) stimulation invokes rises in cytosolic Ca2+ through the
activation of phospholipase C-g1 (PLCg1) and the associated
hydrolysis of phosphatidylinositol-3,4-bisphosphate (PIP2) into
inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).
Subsequently, IP3 binds IP3 receptors in the endoplasmic retic-
ulum (ER) and induces Ca2+ release from ER stores—thus trig-
gering store-operated Ca2+ entry (SOCE) from outside the cell
via plasma membrane channels (Oh-hora, 2009; Vig and Kinet,
2009). For Ca2+ signaling to affect T cell fate or effector functions,
sustainedCa2+ influx via plasmamembrane channels is probably
necessary for a number of hours, maintaining cytoplasmic Ca2+
concentrations higher than resting baseline (Oh-hora, 2009).
The identity and number of plasmamembrane channels medi-
ating sustained Ca2+ entry into T cells is unclear (Kotturi et al.,
2006). One well-characterized mechanism of entry is through
Ca2+ release-activated calcium (CRAC) channels (Oh-hora,
2009). In the CRAC pathway, the Ca2+ sensor STIM1 responds
to decreases in ER Ca2+ stores by associating with the CRAC
channel pore subunit ORAI1 and activating SOCE. However,
loss of ORAI1 in naive T cells has been found to have minimal
effects on their ability to flux Ca2+ or proliferate upon TCR stim-
ulation (Gwack et al., 2008; Vig et al., 2008). Other candidate
plasma membrane Ca2+ channels operating in lymphocytes
include the P2X receptor, transient receptor potential (TRP)
cation channels, TRP vanilloid channels, TRP melastatin chan-
nels, and voltage-dependent Ca2+ channels (VDCC). It is
unknown whether the repertoire of Ca2+ channels operating in
T cells remains constant or changes during various stages of
development or differentiation.munity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc. 349
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CaV1.4 Modulates Naive T Cell HomeostasisVDCC are a group of plasma membrane voltage-gated Ca2+
(CaV) channels whose functions have been primarily character-
ized in excitable cells. CaV complexes are composed of a
pore-forming and voltage-sensing a1 subunit alongwith auxiliary
a2, b, d, and g subunits that modulate gating (Catterall, 2000). In
mammals, 10 CaV family members have been categorized into 5
groups (L, P or Q, N, R, T) based on electrophysiological and
pharmacological properties, each probably serving distinct
cellular signaling pathways. Our previous work has described
the discovery, expression, and functions of L-type (long-lasting)
CaV channels in mouse and human T cells (Kotturi et al., 2003;
Kotturi and Jefferies, 2005). L-type CaV channels (includes four
subtypes: CaV1.1, CaV1.2, CaV1.3, and CaV1.4) are closed under
resting conditions and open up, leading to Ca2+ entry into the
cell, after their activation by membrane depolarization events.
Findings describing CaV1.4, an a1 Ca
2+ channel subunit en-
coded by Cacna1f, message and protein in the spleen, thymus,
and T cells of rodents and humans suggest that this particular
L-type channel may be important in regulating Ca2+ signaling
in T cells (Badou et al., 2006; Jha et al., 2009; Kotturi et al.,
2003; Kotturi and Jefferies, 2005; McRory et al., 2004). In addi-
tion, L-type Ca2+ channels appear to facilitate Ca2+ entry into
mitochondria and thus may contribute to the spatial and
temporal characteristics of Ca2+ signals (Suzuki et al., 2008).
To investigate the physiological functions of CaV1.4 in T cell
biology, we performed analyses on developing thymocytes
and peripheral T cells from CaV1.4-deficient (Cacna1f
/) mice
and analyzed their Ca2+ conductance bywhole cell patch clamp-
ing. Here, we report that CaV1.4 charges intracellular Ca
2+ stores
and modulates TCR-induced elevations in cytosolic-free Ca2+,
impacting TCR-induced Ras, extracellular-signal-regulated
kinase (ERK), and NFAT activation. In addition, these studies
have shown that CaV1.4 modulates naive T cell survival and is
essential for the generation of pathogen-specific T cell re-
sponses. Collectively, our study describes a hitherto unidentified
role for L-type channels in lymphocyte physiology through main-
tenance of intracellular Ca2+ stores and regulation of antigen
receptor signal transduction.
RESULTS
CaV1.4 Deficiency Results in CD4
+ and CD8+ T Cell
Lymphopenia and Spontaneous T Cell Activation
To characterize CaV1.4 expression in wild-type (WT) mice, RNA
analyses were performed and revealed expression in thymus,
spleen, and peripheral CD4+ and CD8+ T cells (see Figure S1A
available online). Our observations describing CaV1.4 expression
in developing and mature T cells led us to investigate whether
Cacna1f/ mice displayed a T cell phenotype. Cacna1f/
mice have been previously generated through gene targeting, in-
serting a stop codon and prematurely terminatingCacna1f trans-
lation (Mansergh et al., 2005). To verify gene disruption in
Cacna1f/mice, reverse transcriptase-polymerase chain reac-
tion (RT-PCR) was performed, detecting a mutated CaV1.4
transcript carrying a loxP site specifically in the Cacna1f/
mice (Figure S1B). In addition, CaV1.4 antibody (Ab) blotting re-
vealed protein loss among Cacna1f/ splenic whole cell lysates
(Figure 1A). Discrepancies in CaV1.4 protein size betweenmouse
splenocytes and Weri retinoblastoma cells may be a conse-350 Immunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc.quence of alternative splicing (Kotturi and Jefferies, 2005) or
cell-type-specific posttranslational modifications. To establish
whether CaV1.4 is present at the T cell plasma membrane, WT
and Cacna1f/ splenic T cells were surface biotinylated and
streptavidin-coupled bead immunoprecipitates were blotted
with CaV1.4 Abs (Figure 1B). The detection of CaV1.4-size
band specifically in WT T cells argues that CaV1.4 channels are
expressed at the T cell surface.
Analyses of thymocytes lacking a functional CaV1.4 channel
revealed a number of changes to T cell maturation. The ratio
of CD4+ versus CD8+ single-positive (SP) thymocytes in
Cacna1f/ thymi was skewed slightly toward the CD8+ lineage,
and the proportion of mature thymocytes, distinguished as
CD24loTCRbhi, was reduced relative to WT (Figures 1C
and 1D). The effect of CaV1.4 deficiency on T cell development
was also reflected in a 50% decrease in the number of mature
CD4+ SP thymocytes whereas the number of CD8+ SP thymo-
cytes was largely unchanged (Figure 1E). However, the expres-
sion of various maturation and activation markers onCacna1f/
double-positive (DP) and TCRb+ SP subpopulations closely
paralleled WT, with similar amounts of TCRb, CD44, CD69,
and CD62L (Figure S2). Collectively, these findings suggest
that CaV1.4 functions promote positive selection, particularly
differentiation of the CD4+ SP lineage.
The examination of peripheral lymphoid compartments,
including spleen, lymph nodes (LN), and peripheral blood, re-
vealed that Cacna1f/ exhibited a decreased frequency of
CD4+ T cells and a reduced ratio of CD4+ versus CD8+ T cells
relative to WT mice (Figure 1F). Furthermore, Cacna1f/ mice
were found to be strikingly lymphopenic for CD4+ T cell, CD8+
T cell, and B cell subsets based on splenic (Figure 1G) and
LN (Figure S3) cell recovery. Moreover, the loss of peripheral
CD4+ T cells in Cacna1f/ mice was considerably more
dramatic than for CD8+ T cells. Associated with the drop in
Cacna1f/ T cell numbers, both CD4+TCRb+ and CD8+TCRb+
T cells showed signs of acute T cell activation, expressing
increased amounts of CD44, CD122, and programmed death
(PD)-1 and reduced CD62L (Figure 1H). In summary, these find-
ings demonstrate that CaV1.4-dependent Ca
2+ signaling is
essential for naive CD4+ and CD8+ T cell homeostasis and
quiescence.
CaV1.4 IsCritically Required for TCR-Induced andStore-
Operated Rises in Cytosolic-Free Ca2+
WT and Cacna1f/ splenocytes, loaded with indicator dyes for
measuring cytosolic Ca2+ and labeled with CD4 and CD8 Abs
plus CD44 Abs for the discrimination of CD44lo (naive) or
CD44hi (memory) CD4+ and CD8+ T cell responses (Figure 2A),
were stimulated with the indicated agonists to investigate Ca2+
transport deficiencies inCacna1f/mice. To determine whether
Ca2+ release from intracellular stores is competent for mediating
Ca2+ influx via plasma membrane channels, splenic T cells were
treated with thapsigargin (Figure 2B). Thapsigargin, an inhibitor
of a Ca2+-ATPase of the ER, induces rises in cytosolic Ca2+
concentration by blocking the cell’s ability to pump Ca2+ into
sarco- and endoplasmic reticula and secondarily activates
plasma membrane-bound Ca2+ channels, triggering Ca2+ entry
from outside the cell (Thastrup et al., 1990). Remarkably,
Cacna1f/ CD44loCD4+ T cells exhibited greatly diminished
Figure 1. CaV1.4 Deficiency Results in Subtle
Thymic Developmental Defect, T Cell Lymphope-
nia, and Spontaneous T Cell Immune Activation
(A) Immunoblot analysis of CaV1.4 protein in whole cell
extracts of WT (+/+) and Cacna1f/ (/) splenocytes.
Weri retinoblastoma cells were used as a CaV1.4-ex-
pressing positive control. GAPDH Ab staining is provided
as a control for sample loading.
(B) Surface proteins on WT and Cacna1f/ splenic T cells
were biotinylated and immunprecipitated with streptavidin
sepharose beads. Equivalent amounts of protein were
blotted with a CaV1.4 Ab. A nonspecific lowmolecular size
band on the same blot was used to confirm equal loading.
(C)Cacna1f/ thymi express a reduced fraction of mature
SP thymocytes, as determined by electronic gating on
TCRbhi and CD24lo cells (percentage is shown within
rectangular gate on contour plot).
(D) CaV1.4 deficiency reduces the proportion of CD4
+
versus CD8+ SP thymocytes.
(E) The abundance of various thymic subpopulations
present in WT (n = 6) and mutant (n = 7) mice was deter-
mined by staining with CD4 and CD8 Abs.
(F) Peripheral lymph organs including spleen, lymph nodes
(LN), and blood of Cacna1f/ mice display abnormal
ratios of CD4+ versus CD8+ T cells. The percentage of
cells residing within each quadrant is shown within the
density plot.
(G) Spleens of Cacna1f/ mice exhibit greatly reduced
T cell (n R 6) and B cell (n = 3) numbers as compared
to WT.
(H) Splenic Cacna1f/ CD4+ and CD8+ T cells express
markers of acute activation and T cell memory.
Error bars represent the SD. **p < 0.01.
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CaV1.4 Modulates Naive T Cell Homeostasisincreases in cytosolic Ca2+ upon thapsigargin stimulation
whereas Cacna1f/ CD44loCD8+ and CD44hiCD8+ T cells also
showed marked reductions relative to their WT counterparts
(Figure 2B). On the other hand, Ca2+ efflux from CD4+ and
CD8+ T cells did not appear to be compromised by CaV1.4 defi-
ciency as demonstrated via addition of the Ca2+ chelator
ethylene glycol tetraacetic acid (EGTA). In contrast to compari-
sons between naive CD4+ T cells, WT and Cacna1f/
CD44hiCD4+ T cells displayed very similar Ca2+ responses.
Together, these observations demonstrate that CaV1.4 channels
are critically required for SOCE in CD44loCD4+ T cells and to
a lesser extent in CD44loCD8+ and CD44hiCD8+ T cells.
To investigate whether CaV1.4 channels might regulate TCR
signaling, WT and mutant splenocytes, precoated with biotiny-
lated CD3 Abs, were activated by streptavidin (SA) addition. In
WT T cells, TCR crosslinking induced cytosolic Ca2+ concentra-
tions to rise rapidly and remain elevated for sustained duration
(Figure 2C). Paradoxically to the responses observed for thapsi-Immunity 35, 349–3gargin treatment, both Cacna1f/ CD4+ and
CD8+ T cells responded very weakly to TCR
stimulus regardless of their surface CD44
phenotype. The basis for differential CD4+ and
CD8+ T cell dependence on CaV1.4 function
for thapsigargin but not TCR responses is
unclear (Figure 2B). In addition, Cacna1f/
T cells, particularly CD44loCD4+ T cell subset,reached greatly reduced peak Ca2+ concentrations relative to
WT upon treatment with ionomycin. Ionomycin increases cyto-
solic Ca2+ concentrations via its ionophoric properties, releasing
intracellular Ca2+ stores and subsequently stimulating the
opening of plasma membrane Ca2+ channels and Ca2+ influx
from outside the cell (Morgan and Jacob, 1994). The findings
that ionomycin responses were greatly blunted in Cacna1f/
T cells suggests that CaV1.4 function contributes to the storage
of intracellular Ca2+ or is critical for the importation of Ca2+ after
its release from intracellular stores.
To determine whether CaV1.4 mediates one or both of the
aforementioned processes involved in Ca2+ responses, we
monitored Ca2+ responses after TCR stimulation when extracel-
lular Ca2+ was chelated by EGTA, preventing Ca2+ intake and
thereby uncovering Ca2+ release from intracellular stores. The
transient cytosolic Ca2+ elevation observed after TCR ligation
in the presence of EGTA was found to be decreased in
Cacna1f/ T cells relative to WT (Figure 2D). Furthermore, the60, September 23, 2011 ª2011 Elsevier Inc. 351
Figure 2. Cav1.4 Is Critically Required for Both TCR- and Thapsigargin-Induced Elevations in Cytosolic-Free Ca2+ by Naive T Cells
WT (+/+; red line) and Cacna1f/ (/; blue line) splenocytes were loaded with the Ca2+ indicator dyes Fluo-4 and Fura Red, surface stained, and suspended in
RPMI. To minimize the effects of variation in dye loading, intracellular Ca2+ amounts were plotted as a median ratio of Fluo-4/Fura Red (FL-1/FL-3) over time.
(A) Electronic gating (boxed area) used to discriminate T cell populations is indicated within the contour plot.
(B) Splenocytes were stimulated with thapsigargin (Tg) and extracellular Ca2+ chelated by EGTA addition at the indicated time point.
(C) Splenic T cells precoated with biotinylated TCR Abs were treated with streptavidin (TCR) or ionomycin (Im) at the indicated times (marked by arrows).
(D) TCR stimulations were performed in the absence of free extracellular Ca2+. Sufficient EGTA (0.5 mM) was added to cell suspensions to chelate extracellular
Ca2+ in RPMI (0.4 mM Ca2+), blocking cellular uptake.
Immunity
CaV1.4 Modulates Naive T Cell Homeostasisrepletion of extracellular Ca2+, facilitating Ca2+ influx across the
plasmamembrane, resulted in a dramatic cytosolic Ca2+ surge in
WT T cells whereas increases by Cacna1f/ T cells were mark-
edly less. In addition, we found that CaV1.4 also functions in
thymocytes and was important for rises in cytosolic Ca2+ when
TCR stimulations were performed in the absence of extracellular
Ca2+ (Figure S4).
To verify that CaV1.4 regulates Ca
2+ entry into the cell, we
monitored the channel current after TCR stimulation by employ-
ing barium (Ba2+) as a carrier ion in patch clamp experiments.
Ba2+ use as a Ca2+ mimic provides a number of key benefits
because it augments currents, by having a higher conductance
through Ca2+ channels, blocking potassium channels efficiently,
and decreasing secondary signal transduction associated
with Ca2+ influx. Ca2+ current in Cacna1f+/+ and Cacna1f/
CD44loCD4+ and CD44loCD8+ T cells was characterized with
a single sweep protocol from –80 mV to +10 mV. Currents
were detected in WT but not mutant T cells after TCR cross-link-
ing (Figures 3A and 3B). To determine whether L-type channels
are functioning at the plasma membrane, TCR-induced inward
currents were compared in presence or absence of an ectodo-
main-specific CaV1 a1 subunit Ab. The addition of the Ab to
WT CD44loCD4+ and CD44loCD8+ T cells was found to block
inward currents observed after TCR stimulation (Figure 3C).352 Immunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc.Furthermore, treatment with control goat Abs did not reveal
any effects on inward currents (data not shown). To verify that
the ectodomain CaV1 a1 subunit Ab binds CaV1.4, WT and
Cacna1f/ splenocyte extracts were incubated with the ecto-
domain CaV1 a1 subunit Ab and immunoprecipitates were
blotted with a CaV1.4 Ab (Figure 3D). The detection of a CaV1.4
band specifically in WT but not Cacna1f/ cells supports the
conclusion that CaV1.4 acts as a conduit for the influx of Ca
2+
upon TCR ligation.
To further characterize the type of TCR-induced Ca2+ currents
in WT and Cacna1f/ T cells, we used a ramp pulse protocol to
measure I-V curves upon TCR cross-linking (Figures 3E and 3F).
The peak voltages of I-V relationships (Vmax) were 16.3 ± 5.2 mV
(n = 5) and 24.4 ± 3.3 mV (n = 5) for WT CD44loCD4+ and
CD44loCD8+ T cells, respectively. The half activation potentials
(Va), which were obtained from the modified Boltzmann fits,
were 0.2 ± 4.7 mV (n = 5) for CD4+ T cells and 1.3 ± 3.5 mV
(n = 5) for CD8+ T cells. Those Va values were comparable with
previous reports examining the characteristics of the L-type
CaV1.4 channel expressed in heterologous systems (Baumann
et al., 2004; McRory et al., 2004). By contrast, Cacna1f/
CD4+ and CD8+ T cells did not show any inward current in
response to the ramp pulse (Figures 3G and 3H). Collectively,
our data suggest that CaV1.4 is operated by TCR signaling and
Figure 3. L-Type CaV1.4 Channel Mediates Ca
2+
Entry across the Plasma Membrane of Naive
T Cells
(A) Sample traces of inward barium currents recorded on
WT (+/+, n = 7) and Cacna1f/ (/; n = 5) CD44loCD4+
and CD44loCD8+ T cells after TCR activation are pre-
sented. Cells were depolarized by 500 ms step pulse
to +10 mV from a holding potential of 80 mV. The dotted
lines indicate the baseline of current measurement.
(B) Current density comparison at +10 mV between WT
and Cacna1f/ CD44loCD4+ and CD44loCD8+ T cells.
Current values are normalized to capacitance values for
each cell.
(C) Current density comparison at +10 mV between
untreated WT CD44lo T cells (CD4+ T cells, n = 8; CD8+
T cells, n = 8) and those pretreated with the ectodomain-
specific CaV1 a1 subunit Ab (CD4
+ T cells: n = 7; CD8+
T cells, n = 6).
(D) Ectodomain-specific CaV1 a1 subunit Ab immuno-
precipitates CaV1.4. Immunoprecipitation with an ecto-
domain-specific CaV1 a1 subunit Ab was performed on
WT and Cacna1f/ splenocyte extracts followed by
blotting with a CaV1.4-specific Ab (see Experimental
Procedures). A nonspecific lowmolecular size band on the
same blot was used to verify equivalent loading.
(E and F) Sample I-V relationships for WTCD44loCD4+ and
CD44loCD8+ T cells after TCR activation were obtained
with a ramp pulse protocol. For display purposes, the
current traces have been filtered to 1 kHz. The top inset in
(E) shows the ramp pulse protocol that spans the range
of 130 to 70 mV over 200 ms from a holding potential
of 80 mV. The solid lines in (E) and (F) indicate the fits of
whole-cell I-V relationships with the modified Boltzmann
equation I = G(V  Erev)/(1 + exp((Va  V)/S)), where I is
peak current amplitude, G is the maximum slope
conductance, V is the test potential, Erev is the reversal
potential, Va is the half-activation potential, and S is
a slope factor. The bottom insets in (E) and (F) represent
averages of normalized I-V relationships obtained from
WT CD44loCD4+ (n = 5) and CD44loCD8+ (n = 5) T cells.
(G and H) Sample I-V relationships for Cacna1f/
CD44loCD4+ (n = 6) and CD44loCD8+ (n = 6) T cells were
determined with the ramp pulse protocol as above.
Error bars represent the SEM. *p < 0.05.
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CaV1.4 Modulates Naive T Cell Homeostasisthat it may serve to replenish intracellular Ca2+ stores in devel-
oping and naive T cells.
CaV1.4 Function Regulates Ras-ERK Activation and
NFAT Mobilization
To address whether CaV1.4 channels affect Ras-MAPK
signaling, a pathway heavily implicated in controlling T cell
survival and differentiation (Alberola-Ila and Herna´ndez-Hoyos,
2003), we initiated studies to measure the activation status of
these downstream effectors after TCR stimulation. For Ras
signaling, WT and Cacna1f/ thymocytes were stimulated
with TCR Ab and subsequently Ras activation was assessed
by precipitation of Ras-GTP with Raf-1-GST fusion protein (Fig-
ure 4A). Cacna1f/ thymocytes were found to induce 50% less
Ras-GTP as compared to wild-type cells. By contrast, the
amount of activated Ras was fairly comparable between geno-
types when cells were stimulated with the diaceyl glycerol
(DAG) analog PMA. Next, we performed an analysis of the acti-
vation of downstream-acting MAP kinases ERK and JNK in total
thymocytes at the indicated times post-TCR stimulation (Fig-Imure 4B). The intensity and duration of ERK activation after TCR
crosslinking was reduced in Cacna1f/ thymocytes relative to
WT. However, comparison of JNK phosphorylation between
WT and Cacna1f/ thymocytes upon TCR stimulation revealed
only marginal differences. By contrast, PMA treatment was
found to induce strong ERK and JNK phosphorylation regardless
of cell genotype. Collectively, these studies reveal that CaV1.4
deficiency selectively affects the activation of ERK. To assess
whether ERK activation is affected in Cacna1f/ mature SP
thymocytes, ERK activity was assessed with phospho-flow
cytometry before and after stimulation with TCR Abs or PMA
treatment (Figure 4C). Cacna1f/ CD4+ and CD8+ SP thymo-
cytes exhibited reduced ERK activation relative to WT upon
TCR but not PMA stimulation.
NFAT proteins, critical regulators of thymocyte development
and T cell differentiation, are phosphorylated and reside primarily
in the cytoplasm of resting T cells (Oh-hora, 2009). Upon T cell
receptor stimulation, Ca2+ signals induce the activation of the
serine-threonine phosphatase calcineurin, catalyzing NFAT
dephosphorylation and triggering its subsequent translocationmunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc. 353
Figure 4. CaV1.4 Function Regulates Ras-
ERK Activation and NFAT Mobilization
(A) Activated Ras was measured in WT (+/+) and
Cacna1f/ (/) thymocytes after stimulation
with either TCR Ab or the DAG analog PMA with
RAF-1-GST pull-down assays. Whole cell lysates
(WCL) were immunoblotted for total Ras to verify
equivalent protein expression.
(B) Total thymocytes were stimulated with TCR Ab
for the indicated period of time. Phosphorylation of
ERK and JNK MAP kinases was measured by
immunoblotting. Band intensities were quantified
with the Odyssey software and ratios calculated
for Phospho-ERK2/ERK2, Phospho-JNK1/JNK1.
Unstimulated WT thymocytes were arbitrarily
given a score of 1.
(C) To assess ERK signaling in specific thymic
subpopulations, ERK activation in WT and
Cacna1f/ thymocytes after stimulation with
either TCR Ab or PMA treatment for 2 min was
determined via flow cytometry. Mean fluores-
cence intensities (MFI) for unstimulated (gray),
TCR-stimulated (black), and PMA-treated (bold)
cells are shown within each histogram.
(D) Thymoctyes from WT and Cacna1f/ mice
were incubated for 16 hr with CD3 and CD28 Abs
or media alone. Immunoblotting for NFATc1 was
performed on nuclear and cytoplasmic fractions
and whole cell lysates (WCL). Glyceraldehyde
phosphate dehydrogenase (GAPDH) or histone
deacetylase-1 (HDAC1) was detected as a loading
control. Band intensities were quantified and
ratios calculated as above.
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CaV1.4 Modulates Naive T Cell Homeostasisto the nucleus. To determine whether deficient Ca2+ release after
TCR ligation affected NFAT translocation and activation in
Cacna1f/ thymocytes, we examined NFATc1 amounts in the
cytosolic and nuclear fractions of WT and Cacna1f/ thymo-
cytes (Figure 4D). Cacna1f/ thymocytes were found to have
less nuclear NFATc1 as compared to WT cells. Together, these
experiments demonstrate that CaV1.4-dependent Ca
2+ entry
regulates the activation of the NFAT and ERK pathways.
TCell-Intrinsic CaV1.4 Function Is Required for Normal T
Cell Homeostasis
To determine whether the loss of CaV1.4 function in T cells them-
selves contributes to the impaired T cell development and/or
peripheral T cell maintenance, we performed bone marrow
transfer experiments in which equivalent numbers of T cell-
depleted WT (Thy1.1+Ly5.2+) and Cacna1f/ (Thy1.2+Ly5.2+)
bone marrow was transferred into irradiated congenic (Ly5.1+)
hosts. After 1 month posttransfer, evaluation of donor cell
frequencies (Ly5.2+) in the thymus and spleen revealed that
Cacna1f/ bone marrow cells competed very poorly with WT
for T cell reconstitution of the host (Figure S5A). The frequency
of WT donor CD4+ and CD8+ T cells in the thymus and periphery
was substantially higher than that of the Cacna1f/ CD4+ and
CD8+ T cells, respectively (Figures S5A and S5B). Furthermore,
comparison of the ratio of CD44lo versus CD44hi T cell popula-
tions showed that Cacna1f/ splenic donor T cells were
skewed toward a memory phenotype relative to wild-type donor
T cells (Figure S5C). Moreover, these experiments suggest
that the heightened frequency of CD44hi T cells in Cacna1f/354 Immunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc.mice is not a consequence of lymphopenia but rather due to
a failure of Cacna1f/ CD44lo T cells to thrive. Together, these
results demonstrate a cell-intrinsic function of CaV1.4 in T cell
progenitors and/or mature T cells that is necessary for efficient
T cell reconstitution.
CaV1.4 Is an Important Regulator of Naive T Cell
Homeostasis
The finding that Cacna1f/ mice are lymphopenic and that
a majority of the residual T cells possess an activated or memory
phenotype suggested that CaV1.4 functions are essential for
naive T cell maintenance. Moreover, comparison of T cell
subsets based on CD44 expression revealed that Cacna1f/
mice exhibited a severe loss of CD44lo T cells relative to WT
whereas CD44hi T cell numbers weremuch less affected (Figures
5A and 5B). To determine whether cell turnover rates differed
between cohorts, WT and Cacna1f/ T cells were stained with
the apoptotic marker Annexin V (Figure 5C). Cacna1f/
CD44lo but not CD44hi T cells displayed enhanced Annexin V
reactivity relative to their WT counterparts. Surface phenotypic
examination of Cacna1f/ CD44lo T cells showed that they
seemed mature, resembling WT naive T cells with respect to
CD62L, TCRb, and CD69 expression (Figure 5D and data not
shown). Together, these data suggest that the limited number
of CD44lo T cells in Cacna1f/ mice is at least in part a conse-
quence of their decreased fitness.
Signaling through the IL-7 receptor (IL-7R), a heterodimer of
IL-7Ra (CD127), and the common g-chain (CD132) plays
a governing role in naive T cell homeostasis, and loss of either
Figure 5. CaV1.4 Is an Important Regulator of Naive T Cell Homeostasis
(A) CD44 expression on splenic CD4+TCRb+ and CD8+TCRb+ T cells from WT (+/+) and Cacna1f/ (/) mice.
(B) Cacna1f/ mice exhibit a profound reduction in CD44loCD4+TCRb+ and CD44loCD8+TCRb+ T cells.
(C) Cacna1f/ CD44loCD4+TCRb+ and CD44loCD8+TCRb+ T cells show increased rates of spontaneous apoptosis.
(D) CD62L expression on CD44loCD4+TCRb+ and CD44loCD8+TCRb+ T cells.
(E) Cacna1f/ CD44loCD4+TCRb+ and CD44loCD8+TCRb+ T cells express reduced amounts of IL-7Ra.
(F) Bcl-2 expression by CD44loCD4+TCRb+ and CD44loCD8+TCRb+ T cells was measured by intracellular flow cytometry.
Error bars represent the SD.
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and severe immunodeficiency (Surh and Sprent, 2008). There-
fore, we investigated IL-7R expression on Cacna1f/ CD44lo
T cells (Figure 5E). Cacna1f/ CD44lo T cells were found to
express only about 50% of WT CD127 amounts despite having
CD132 amounts equivalent to WT. Analyses of Annexin V reac-
tivity and IL-7R between WT and Cacna1f/ CD4+TCRb+ and
CD8+TCRb+ SP thymocytes revealed similar findings as noted
above for comparisons of peripheral CD44lo T cells (Figure S6).
Despite reduced CD127 expression, Cacna1f/ CD44loCD4+
and CD44loCD8+ T cells displayed WT amounts of the prosur-
vival protein Bcl-2 (Figure 5F). These findings suggest that
CaV1.4 may affect naive T cell fitness in part through CD127
regulation.
CaV1.4 Promotes Survival Signaling and Homeostasis-
Induced T Cell Expansion
To determine whether CaV1.4 deficiency and its concomitant
reduction in IL-7Ra expression is functionally significant, we
monitored IL-7R signaling by tracking the phosphorylation status
of its downstream effector STAT5 (Figure 6A). WT and
Cacna1f/ CD4+ and CD8+ SP thymocytes were stimulated
with various doses of IL-7 and stained with a phospho-Y647
STAT5-specific Ab. Cacna1f/ CD4+ and CD8+ SP thymocytes
showed a marked reduction in STAT5 phosphorylation as
compared to WT at all IL-7 doses tested. Next, we investigated
whether CaV1.4 deficiency affects the capacity of IL-7 toImpromote T cell survival. WT and Cacna1f/ CD44lo T cells
were isolated by cell sorting and placed into culture with the indi-
cated concentrations of IL-7, and their viability was assessed
24 hr later via Annexin V staining (Figure 6B). Cacna1f/
CD44lo T cells were found to be much less capable than WT at
utilizing IL-7 to support their survival in vitro. In addition,
Cacna1f/ CD44loCD4+ T cells exhibited reduced survival rela-
tive to WT when placed into TCR Ab-coated wells for 24 hr
ex vivo culture (Figure 6C). Collectively, these findings suggest
that CaV1.4 channel protein impacts naive T cell survival through
the regulation of either IL-7 or TCR signaling.
The size of the naive T cell compartment are restrained by the
availability of both IL-7 and self peptides-major histocompati-
bility complex (MHC) molecules (Surh and Sprent, 2008). To
examine the proliferative potential of Cacna1f/ CD44lo T cells
in vivo, WT (Thy1.1+) and Cacna1f/ (Thy1.2+) CD44loCD4+
and CD44loCD8+ T cells were purified, mixed together at a
1:1:1:1 ratio, labeled with carboxyfluorescein diacetate succini-
midyl ester (CFSE), and injected into congenitally lymphopenic
Rag1/ hosts (Figure 6D). After residing for 7 days in vivo, donor
T cells were recovered and their cellular proliferation was as-
sessed via CFSE dilution (Figure 6E). By using the congenic
marker Thy1.1, we found that the proportion of donor WT cells
recovered was considerably greater than Cacna1f/ cells. By
electronically gating on donor T cells probably responding to
cues from IL-7 and self-peptides-MHC molecules (Kieper
et al., 2005), Cacna1f/ CD4+ and CD8+ T cells were found tomunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc. 355
Figure 6. CaV1.4 Promotes Survival Signaling and Homeostasis-Induced T Cell Expansion
(A) WT (+/+) and Cacna1f/ (/) thymocytes were stimulated with the indicated concentration of IL-7 for 5 min and subsequently assessed for the capacity to
phosphorylate STAT5. The frequency of phospho-STAT5-positive mature CD4+ and CD8+ SP thymocytes was determined by flow cytometry.
(B) WT (Thy1.1+) and Cacna1f/ (Thy1.1) naive CD4+ and CD8+ T cells, electronically gated (CD44lo) as shown in Figure 5A, were purified by cell sorting, mixed
at a 1:1:1:1 ratio, and cultured with the indicated concentration of IL-7. After 24 hr incubation, cell viability was determined and data plotted as a survival index
(Annexin V-negative cells/Annexin V-positive cells).
(C) WT andmutant naive T cells were isolated, prepared, and cultured as in (B) except stimulated with a TCR Ab instead of IL-7. Viability was assessed after 24 hr
of ex vivo culture.
(D–F) Naive T cells from WT (Thy1.1+) and Cacna1f/ (Thy1.1) mice were purified, mixed at a 1:1:1:1 ratio, CFSE labeled, and coinjected into Rag1/ hosts.
(D) The percentage of WT and Cacna1f/ CD4+ and CD8+ T cells is shown prior to injection.
(E) CFSE dilution indicates proliferation of transferred T cells. Boxed region within dot plots indicates proliferation driven by self-MHC molecules and IL-7
(homeostatic).
(F) Histograms indicating homeostatic proliferation by WT and mutant donor CD4+ and CD8+ T cells.
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T cells (Figure 6F). Collectively, these studies suggest that
a cell-intrinsic CaV1.4 function is critical for T cells to respond
appropriately to homeostatic and survival cues.
CaV1.4 Functions Are Necessary for Functional CD4
+
and CD8+ T Cell Immune Responses
To investigate the requirement of CaV1.4 function in an immune
response, WT and Cacna1f/ mice were challenged with a re-
combinant Listeria monocytogenes expressing ovalbumin
(rLM-OVA). Cacna1f/ mice produced substantially decreased
numbers of OVA-reactive CD8+ T cells upon challenge with rLM-
OVA (Figures 7A and 7B). Numbers of functional antigen-specific
CD4+ and CD8+ T cells were drastically reduced in Cacna1f/
mice relative to WT (Figures 7C and 7D). In addition, the total
numbers of IFN-g-producing CD8+ T cell effectors were also
diminished in Cacna1f/ mice (Figure 7E). Next, we evaluated
the cytolytic function of purified CD8+ T cells from rLM-OVA-in-356 Immunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc.fected WT and Cacna1f/ mice (Figure 7F). Cacna1f/ mice
exhibited a greatly weakened capacity to generate antigen-
specific CTLs relative to WT. Together, our studies show that
CaV1.4 function is critical for mounting productive CD4
+ and
CD8+ T cell responses.
DISCUSSION
CaV channels are major passageways controlling Ca
2+ entry in
excitable cells and regulate numerous processes including
muscle contraction, neuronal signal transmission, and gene tran-
scription (Feske, 2007). However, the biological roles of CaV
channels in nonexcitable cells such as lymphocytes are poorly
defined. Identification of a mutation in the b4 subunit of VDCCs
underlying the neurologic and immune system defects observed
in the lethargic mouse line implicated CaV function in immuno-
regulation (Burgess et al., 1997). In addition, subsequent to
submission of the present study, a manuscript describing mice
Figure 7. CaV1.4 Is Critically Required for Optimal Antigen-Specific CD4
+ and CD8+ T Cell Immune Responses
Seven days postinfection with recombinant L. monocytogenes-OVA, WT (+/+) and Cacna1f/ (/) mice were sacrificed and antigen-specific T cell immune
responses were assessed.
(A) The percentage of CD44+ H-2Kb-OVA tetramer+ cells in the CD8+ T cell population is shown within the density plots.
(B) The mean number of antigen-specific CD44+CD8+ T cells is represented (n = 3).
(C and D) Splenocytes from infected mice were stimulated with MHC class I (OVA257-264)- and MHC class II (LLO190-201)-restricted peptides and subsequently
assayed for IFN-g secretion. To determine the frequency of T cells capable of secreting IFN-g, splenocytes were separately stimulated with TCR Ab alone.
Numbers within density plots represent the percentage of IFN-g-secreting CD4+ or CD8+ T cells.
(E) Cumulative data indicating the mean numbers of antigen-specific IFN-g-producing T cells in WT and Cacna1f/ mice (n = 3).
(F) CD8+ T cells from the spleens of infected mice were purified and incubated with 51Cr-labeled RMA-S targets that had been either untreated or pulsed with
OVA257-264 peptide.
Error bars represent the SD. *p = 0.05; ***p < 0.001.
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nels play a role in modulating TCR signaling and CD8+ T cell
homeostasis (Jha et al., 2009). To investigate the physiological
functions of the L-type CaV1.4 channel in developing andmature
T cells, we analyzed mice deficient in its pore-forming a1
subunit. Here, we report that CaV1.4 channels are critical for
both the survival of naive CD4+ and CD8+ T cells and the gener-
ation of pathogen-specific CD4+ and CD8+ T cell responses. In
addition, naive CD4+ and CD8+ T cells were shown to be depen-
dent on CaV1.4 function for SOCE, TCR-induced rises in cyto-
solic Ca2+ and downstream TCR signal transduction.
Analyses of Cacna1f/ mice revealed that T cells of various
stages of development and differentiation showed differing rela-
tive dependence on CaV1.4 for mediating Ca
2+ responses. For
instance, Cacna1f/ SP thymocytes exhibited more moderate
decreases in TCR- or thapsigargin-induced rises in cytosolic-
free Ca2+ relative toWT thanwhat was observedwhen peripheral
naive and memory WT and Cacna1f/ T cells were compared.
Thus, our study hints at the great complexity involved in Ca2+
regulation, dynamically changing with T cell differentiation, and
suggests that differential responses are important for functional
outcomes upon TCR engagement. Alternative CaV splicing prob-
ably contributes to this complexity because different isoforms
may yield channels with unique characteristics of Ca2+ regulation
(Kotturi et al., 2003; Kotturi and Jefferies, 2005). For example,Ima specific isoform of CACNA1F (Cav1.4) mediates Ca
2+ entry
into the photoreceptors and promotes tonic neurotransmitter
release (Strom et al., 1998). We have found that two putative
CaV1.4 splice isoforms (termed CaV1.4a and CaV1.4b) are ex-
pressed in Jurkat T cells and primary human T and B cells but
are not present in human retina (Kotturi and Jefferies, 2005;
McRory et al., 2004). Furthermore, truncated CaV1.2 and
CaV1.3 channels are expressed in human T and B cells (Grafton
et al., 2003; Stokes et al., 2004). Moreover, it is likely that Ca2+
signaling biology in lymphocytes cannot be fully explained by
the function of CaV1.4 and Orai1 and that a variety of Ca
2+ chan-
nels and associated isoforms probably conduct currents neces-
sary for activation, differentiation, migration, and apoptosis.
CaV1.4 channels may regulate the Ras-ERK cascade through
its effects on RasGRP1, a Ras-guanyl nucleotide exchange
factor. RasGRP1’s two ‘‘EF hand’’ domains function by binding
Ca2+, dictating its cellular localization and the duration of Ras-
ERK signaling (Teixeiro and Daniels, 2010). In addition, the
finding that the loss of CaV1.4 influences TCR signal transduction
suggests that central or peripheral tolerance could be impaired
in Cacna1f/ mice. Although negative selection studies with
Cacna1f/ TCR transgenic mice have not been performed,
the numbers of splenic regulatory T (Treg) cell, defined
as CD4+CD25+FoxP3+ cells, in Cacna1f/ mice was 50% of
the Treg cells in WT (Cacna1f/ = 0.84 ± 0.23 3 106 versusmunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc. 357
Immunity
CaV1.4 Modulates Naive T Cell HomeostasisWT = 1.75 ± 0.44 3 106). However, we hypothesize that neither
the deletion of autoreactive T cells in the thymus nor their
suppression by regulatory T cells in the periphery is perturbed
by CaV1.4 deficiency because old Cacna1f
/ mice, bred 13
generations onto a C57BL/6 background, appear healthy, lack-
ing any gross histological abnormalities among various tissues
examined, and remain lymphopenic (data not shown).
The finding that CaV1.4 is critical for naive CD4
+ and CD8+
T cell homeostasis suggests that this channel modulates signals
required for their survival: TCR signaling upon contact with self
peptides-MHC molecules and IL-7R signaling after IL-7 expo-
sure (Surh and Sprent, 2005). Previous work has suggested
that naive T cell TCR recognition of MHC molecules on dendritic
cells triggers small Ca2+ responses that are necessary for their
survival (Revy et al., 2001). As a result, we hypothesize that
low-affinity TCR interactions with self-antigens induce naive
T cells to open CaV1.4 channels perhaps as a direct conse-
quence of TCR signaling or through an interaction with STIM1
(Park et al., 2010; Wang et al., 2010). Notably, CaV1.4, as well
as CaV1.3, has been found to have low activation thresholds
that do not require strong depolarizations for their activation
(Lipscombe et al., 2004). CaV1.4-mediated influx of Ca
2+ from
outside the cell probably induces a signaling cascade as well
as contributes to tonic filling of intracellular Ca2+ stores critical
for TCR survival signaling. We suspect that at least two sec-
ondary factors may contribute to the Ca2+ release defects
observed by Cacna1f/ T cells upon stimulation: (1) decreased
ER Ca2+ stores resulting in reduced SOCE and (2) diminished
inward Ca2+ flux through CRAC channels collaborating to impair
Ca2+-dependent signaling. Notably, low-grade TCR signaling
and naive T cell homeostasis have been shown to be dependent
on RasGRP1 (Priatel et al., 2002). Together, our data suggest
that the Ca2+ current controlled by lymphoid-expressed CaV1.4
channels influence the viability of naive T cells and may be
essential for preserving a naive T cell population that expresses
a diverse repertoire of TCRs.
EXPERIMENTAL PROCEDURES
Mice
Cacna1f/mice that have been previously described (Mansergh et al., 2005)
were bred onto C57BL/6J (B6) background for at least 13 generations. B6,
B6.PL-Thy1a/Cy (Thy 1.1+), B6.SJL-Ptprca Pep3b/BoyJ (Ly5.1+), and
B6.Rag1/ were acquired from the Jackson Laboratory (Bar Harbor, ME).
All studies followed guidelines set by both the University of British Columbia’s
Animal Care Committee and the Canadian Council on Animal Care.
Flow Cytometry
All Ab (see Supplemental Experimental Procedures for specific Abs) incuba-
tions were done on ice. Annexin V-PE (BD Biosciences), anti-Bcl-2 (3F11;
BD Biosciences), and isotype control Ab staining was conducted as previously
described (Priatel et al., 2000, 2006). Data were acquired with either FACScan
or FACSCalibur and CellQuest software (BD Biosciences) or LSRII and FACS-
DiVa software (BD Biosciences). Data were analyzed with Flowjo software
(Treestar, Inc).
Ca2+ Flux Assay
Splenocytes or thymocytes (107 cells/mL) in HBSS with 2% FCS were labeled
with 1 mM Fluo-4, 2 mM Fura Red, and 0.02% pluronic (all from Invitrogen) for
45 min at room temperature. After washing, cells were stained with CD44-
APC, CD8-APC-eFluor 780 (eBioscience), and CD4-PE Abs for 20 min on
ice. Samples were suspended in RPMI (contains 0.4 mM Ca2+) and pre-358 Immunity 35, 349–360, September 23, 2011 ª2011 Elsevier Inc.warmed for 15min at 37C. Thapsigargin (1 mM) and ionomycin (1 mg/mL) stim-
ulations and the adding back of free extracellular Ca2+ (0.5 mM) were per-
formed as described previously (Liu et al., 1998). Chelation of extracellular
Ca2+ was carried out by supplementation of RPMI media with 0.5 mM
EGTA. For TCR stimulations, splenocytes precoated with 5 mg/mL of biotiny-
lated CD3ε Ab (clone 145-2C11; eBioscience) were activated by the addition
of 20 mg/mL streptavidin. Ca2+ flux data was acquired on a BD LSR II flow cy-
tometer with FACSDiva software or BD FACSCalibur with CellQuest software
and analyzed with Flowjo (Treestar, Inc), electronically gating on the indicated
T cell subsets and plotting Fluo-4/Fura Red ratios versus time.
Electrophysiological Assays
Single-cell suspensions generated from lymph nodes and spleens of WT and
Cacna1f/ mice were stained with CD44 (IM7), CD4 (GK1.5), and CD8a (53-
6.7) Abs and subsequently, CD44loCD4+ andCD44loCD8+ T cells were isolated
with a BD FACSAria. The vast majority (>99%) of sorted CD44lo T cells were
considered naive because they were CD62Lhi. TCR stimulations were per-
formed as described for Ca2+ flux assays. For Ca2+ channel blocking experi-
ments, cells were preincubated with an Ab specific to the ectodomains of
CaV1.3 and CaV1.4 (Santa Cruz; sc-32070). Whole-cell patch clamp recording
and analysis were carried out on an Axopatch 200B amplifier with pClamp10
software (Axon Instruments). Patch electrodes were pulled from thin-walled
borosilicate glass (World Precision Instruments) on a horizontal micropipette
puller (Sutter Instruments). Electrodes had a resistance of 4–8 MU when filled
with intracellular solution. Analog capacity compensation and 80% series
resistance compensation were used during whole-cell recordings. For single
pulse recordings, cells were depolarized to +10 mV from a holding potential
of 80 mV at 10 s interval and P/4 leak subtraction procedure was used.
Current density is presented after normalizing peak current amplitude to the
corresponding cell capacitance value. To obtain the I-V relationship, a
200 ms ramp pulse protocol from 130 to 70 mV with 80 mV holding poten-
tial and P/4 leak subtraction procedure was used. Data were sampled at 50
kHz and filtered at 10 kHz and whole-cell recordings performed at room
temperature (20C–22C). The extracellular solution contained 100 mM
BaCl2, 10 mMHEPES, adjusted to pH 7.4 with NaOH. The intracellular solution
used in the pipettes contained 140 mM TEA-Cl, 5 mM EGTA, 10 mM HEPES,
1 mM MgATP2, adjusted to pH 7.4 with TEA-OH.
Phospho-flow Cytometric Signaling
Thymocytes were incubated in HBSS with 10 mM HEPES for 30 min prior to
stimulation. Cells were stimulated as above for the indicated time, fixed with
2% formaldehyde for 10 min, pelleted by centrifugation, and permeabilized
overnight in 90% methanol at 20C. For determination of STAT5 phosphor-
ylation, permeabilized cells were treated with anti-STAT5 (pY649) mAb conju-
gated to AlexaFluor647 (BD Biosciences), anti-CD8a-PE, and anti-CD4-PE-
Cy7 for 1 hr at room temperature. Flow cytometric measurements of ERK
activity were performed as described (Priatel et al., 2002).
Immunoblotting
To detect CaV1.4, splenocytes were analyzed by immunoblot. Alternatively,
T cells were isolated from splenocyte preparations with the EasySep Mouse
T Cell Enrichment Kit (StemCell Technologies, Inc.). Membrane proteins
were isolated and protein amounts between samples were normalized prior
to immunoblotting as previously reported (Woodard et al., 2008). Binding of
the primary Ab was detected with an Alexa 680-conjugated anti-rabbit IgG
Ab (Li-Cor Biosciences). The protein bands were visualized with the Odyssey
Infrared Imaging System (Li-Cor Biosciences). Signal intensities were quanti-
fied with Odyssey software. For signaling analysis, thymocytes were activated
by TCR stimulation (as above) for the indicated time. As a positive control for
activation, thymocytes were incubated with 100 ng/mL PMA for 10 min at
37C. Ras activity was assessed as previously described (David et al.,
2005). Phosphorylated and total ERK and JNK were detected by immunoblot-
ting. The fold increase in phosphorylation was expressed as a ratio of total
protein and was normalized to the unstimulated wild-type control.
NFAT Mobilization Assays
Single-cell suspensions from thymi of WT or Cacna1f/ mice were prepared
and incubated for 16 hr with plate-bound CD3ε (145-2C11) Ab (10 mg/ml) and
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RIPA buffer. Nuclear and cytoplasmic fractions were prepared with NE-PER
Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific) and analyzed by
immunoblot. Binding of the primary Ab was detected as above. The fold
increase in activation was expressed as a ratio of the appropriate loading
control and was normalized to the unactivated wild-type control.
Naive T Cell Survival Assays
WT (Thy1.1+) and Cacna1f/ (Thy1.2+) CD44loCD4+ and CD44loCD8+ T cells
were sorted as described in electrophysiological assays described above.
PurifiedWT andmutant naive CD4+ and CD8+ T cells were mixed at equivalent
ratios (1:1:1:1) and 200,000 total cells per well were cultured in 96-well flat-
bottom plates. Cells were treated either with the indicated dose of mIL-7
(eBioscience) or cultured in wells precoated with 10 mg/mL of CD3 (145-
2C11) Ab. After 24 hr, viability was determined by labeling samples with
CD8 and Thy1.1 Abs, incubating with Annexin V-Alexa 647 (Southern Biotech)
in Ca2+-containing buffer for 15 min at RT, and subsequently acquiring data on
a BD FACSCalibur.
Adoptive Transfer Experiments
For naive T cell transfers, WT (Thy1.1+) and Cacna1f/ (Thy1.2+) CD44loCD4+
and CD44loCD8+ T cells were sorted as described in electrophysiological
assays described above, mixed at a 1:1:1:1 ratio, labeled with CFSE (Invitro-
gen), and coinjected into Rag1/ hosts. 1 week posttransfer, splenocytes
were isolated and stained with relevant Abs for discriminating donor WT and
mutant T cells.
Bacterial Infections and the Detection of Antigen-Specific T Cells
Mice were infected intravenously (i.v.) with 104 colony forming units (CFU) of
rLM-OVA. Splenocytes were stained with CD8a (53-6.7) and CD44 (IM7) Abs
and H-2Kb-OVA tetramer (iTag MHC Tetramer, Beckman Coulter). Intracellular
cytokine staining and cytotoxicity assays were performed as described (Priatel
et al., 2007).
Statistical Analysis
Statistical significance was determined with an unpaired Student’s t test for
most analyses. For electrophysiology assays, statistical significance was
measured by the ANOVA test, with two-factorial design without replication.
SUPPLEMENTAL INFORMATION
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